We report the use of highly ordered, dense, and regular arrays of in-plane silicon nanowires as building blocks to produce highly sensitive and well-reproducible surfaceenhanced Raman scattering (SERS). A combination of Au nanospheres (AuNPs) and Au coated silicon nanowires (AuSiNWs) was found to exhibit one order higher enhancement of SERS signal compared with that of the normal AuSiNWs substrate. The experimental results were further evidenced by simulating the electrical field distributions using 3-D finite-difference time-domain (3-D-FDTD). The prominence and potential applications of biosensors using AuNPs/AuSiNWs arrays were demonstrated by the improved sensitivity in detecting SERS signal of 4, 4'-Bipyridine.
Introduction
Precise controlling in the assembly of metal coated nanoparticles into well-defined structures is essential in surface-enhanced Raman scattering (SERS) [1] - [5] . Enormous SERS enhancements have been demonstrated using Au rods [6] , Au nanostars [7] , silver coated silicon nanowires [8] (AgSiNWs) and Au nanoparticles (AuNPs) [9] . One study of Ag nanoparticles SERS substrate shows that the molecules in the hot spots exhibit up to ∼10 7 fold enhancement of SERS signal, 100 times larger than those in the not "hot" areas [10] . Nevertheless, the active "hot-spot" areas in SERS sensors are on the scale of nanometers, rendering it rather difficult to directly detect analyte molecules diluted to femto-or atto-molar concentrations. Efforts have thus been devoted to concentrate molecules in these locations of hot-spots [11] . Au nanostructures have been found to stably increase SERS signals of organic molecules for the detection of various molecules [12] . Despite its unique advantages in robust and repeatable measurements, the enhancement of Au nanostructure is weak compared to the sliver nanostructures counterparts [13] . Recently, the AuNPs modified Au coated silicon nanowires (AuSiNWs) SERS substrate has been experimentally demonstrated [14] . Nevertheless, the Raman intensities possess a great fluctuation within the random located AuNPs and the average enhancement of SERS signal is only twofold larger, compared to that of the AuSiNWs substrate.
In this paper, polymer spheres were utilized to fabricate silicon nanowires (SiNWs) template with short assay time and ultra-high yield. One order higher enhancement of SERS signal of 4, 4'-Bipyridine was measured after modifying AuNPs on the AuSiNWs surface (AuNPs/AuSiNWs) compared to that of the AuSiNWs substrate. Electrical field distributions on the AuNP and AuSiNW surface were simulated by the 3-D finite-difference time-domain (3D-FDTD) method. The simulation revealed the existence of intense electrical field enhancement in the gap between AuNPs and AuSiNWs. This amplification of electromagnetic field of a pair of strongly coupled Au coated nanostructures in the gap region gave rise to the Raman enhancement factor. The average SERS enhancement and the uniformity of the Raman Signal were dramatically improved compared to our previous work [14] . The unique biosensor based on AuNPs/AuSiNWs immobilized on a Si chip may well be extended to microarray platforms for high throughput analysis.
Experimental Fabrication
The experiment started with the preparation of monolayer of polymer spheres on silicon substrate. The schematic illustration of the process was plotted in Fig. 1(a) . The silicon wafers were immersed in a mixed solution (2:1 98% H 2 SO 4 : 48% H 2 O 2 ) for 1h to remove the impurities. The wafers were then rinsed by deionized water, followed by immersion in a 5:1:1deionized water (DI)/ NH 4 OH/ H 2 O 2 solution for 1h, and then stored in DI. Under the action of amino, the surface of silicon wafer changed to be hydrophilous. Water film could thus be formed on the silicon wafer. The solution of the polymer spheres was prepared by mixing the polymer spheres (5% solids) with ethanol with a ratio of 2:1. The ethanol was added to help the polymer spheres diffuse on the surface of water film quickly. Polyethylene Oxide (PEO) was then added to facilitate the assembling of the polymer spheres (2 mg PEO for 1 mL). 2.0 mL DI was firstly pipetted on the surface of silicon to form a thin film of water. The polymer spheres solution was then injected by a syringe pump, where the polymer spheres quickly diffused to the boundary of the thin film and self-assembled at the water-air interface with the assistance of ethanol. The platform was then tilted 10 degrees towards horizontal, making the water gather to one end of the silicon substrate, where the water film can be easily pipetted off with a syringe. Finally, the silicon substrate was placed back to the horizontal platform for evaporation. The fabricated 4-in silicon wafer covered with uniform monolayer polymer spheres was shown in the inset in Fig. 1(a) . Ultra-high uniformity of the arrays of the polymer spheres could be obtained using this self-assemble water-air interface technique, as was evidenced by the top-view scanning electron microscope (SEM) image in Fig. 1(b) .
After achieving the monolayer of polymer spheres on the silicon substrate, SiNWs were fabricated using inductively coupled plasma (ICP) etching in a STS Multiplex ICP system. The schematic illustrating the process of making AuSiNWs array and AuNPs/AuSiNWs was shown in Fig. 2(a) . In the first step of etching polymer spheres, oxygen plasma of 40-sccm flow-rate was applied for 20 s with a pressure of 37 mTorr. Coil power and platen power were set as 200 W and 20 W, respectively. The diameter of polymer spheres was reduced to around 360 nm. These polymer spheres then served as mask to transfer the pattern to the underneath silicon substrate. SF6 and C4F8 mixed gases were applied for 6 min with flow rates of 10 sccm and 4.9 sccm, respectively. Coil power and platen power were set as 400 W and 20 W, respectively. Finally, 2 min oxygen etching was performed to remove the remaining polymer spheres on the top of SiNWs. The tilted-SEM images of the fabricated SiNWs were shown in Fig. 2(b) , showing uniform arrays with 300 nm in diameter and 600 nm in length.
The regular arrays of in-plane SiNWs were then used as building blocks to produce AuSiNWs arrays by coating 3 nm ∼5 nm titanium film and 20 nm Au film on the surface using sputtering evaporation. The addition of Titanium film helps to increase the adhesivity between the silicon wafer and the Au film. Since the enhanced electrical field was confined mainly on the Au-air boundary, the optical absorption of the titanium film can be ignored. Afterwards, the sample of AuSiNWs substrate was immersed in a mixture solution of ethanol and 4, 4'-Bipyridine with 1 mmol/L for 1 h. The amidogen group helped to firmly adhere the molecules to the surface of Au film. Next, the spare 4, 4'-Bipyridine molecules were thoroughly lifted off by rinsing the sample in pure ethanol. The substrate was then immersed in the AuNPs solution subsequently for 1 h so that the AuNPs could be well adsorbed on the Au film with the assistance of 4, 4'-Bipyridine. Surface topography of the fabricated AuNPs/AuSiNWs was shown in Fig. 2(c) . The 13 nm diameter AuNPs were modified uniformly on the surface of AuSiNWs.
Experimental Results and Discussions
4, 4'-Bipyridine was used as signal molecules and was adhered to the Au film with a concentration of 1 mmol/L. SERS signal was detected using a Raman spectrometer (LabRAM HR Evolution) from HORIBA. The excitation source was a laser of 633 nm, focused with a 100× objective (NA = 0.9) and delivering a laser spot of 0.86 um diameter in the substrate. The SERS spectra of the 4, 4'-Bipyridine signal were collected from 18 random spots located in AuSiNWs substrate (see Fig. 3(a) ) and the AuNPs/AuSiNWs substrate (see Fig. 3(b) ). There were mainly three Raman characteristic lines located at Raman shifts of 1017 cm −1 , 1295 cm −1 , and 1609 cm −1 in the AuSiNWs and AuNPs/AuSiNWs substrates, corresponding to the different pyridine ring vibrational modes of 12(A 1 ), 3(B 2 ), 8a(A 1 ) in 4, 4'-Bipyridine respectively [15] . Here, A 1 and B 2 correspond to two symmetry species of ring vibrational mode based on C 2v point group. For the main peak at Raman shifts of 1069 cm −1 , histograms of the peak intensities over different spots were summarized in Fig. 3 (c) and (d), exhibiting a relative standard deviation to be 14% and 18% for the AuSiNWs and AuNPs/AuSiNWs substrate, respectively. Noted that the spectra stability reflects the similarity of each point spectral profile. The small standard deviation features high quality of the SERS substrate. The average Raman signals from AuSiNWs and AuNPs /AuSiNWs substrates were plotted in Fig. 3(e) . The average Raman signals from AuSiNWs and AuNPs /AuSiNWs substrates were plotted in Fig. 3(e) . For the main peak of 1609 cm −1 , the average enhancement factor [16] - [18] of AuNPs /AuSiNWs substrate (2.2 × 10 6 ) was more than 15-fold higher than that of the AuSiNWs substrate (1.4 × 10 5 ).
Simulation Analysis
To identify the mechanisms of the observed SERS enhancement, we numerically calculated the electric field distributions on the AuSiNWs and AuNPs/AuSiNWs structures using FDTD method. Fig. 4(a) showed the 3D-FDTD models of the AuSiNWs and AuNPs/AuSiNWs based on the experimental structures. The AuSiNWs model contained SiNWs with a diameter of 300 nm and a length of 600 nm. The surface of the SiNWs was coated with 20 nm-thick Au film. For the AuNPs/AuSiNWs model, the 13 nm diameter AuNPs were located at 1 nm away from the surface of the AuSiNWs model. The FDTD zone in the horizontal period was 500 nm. The incident plane wave (k) propagated along z axis with electric field vector (E) in the x direction. Perfect matching layer (PML) was assumed at z-axis boundaries, while periodic condition was assumed at x-axis and y-axis in the simulation region. The simulated reflection spectra of AuSiNWs (black solid line) and AuNPs/AuSiNWs (red dash line) were compared in Fig. 4(b) , showing slight changes after modification of AuNPs on the surface of AuSiNWs. The leaky mode of SiNWs [19] , [20] located at the curve minima of 510 nm for both kinds of substrates. The surface plasma resonance (SPR) wavelengths for AuSiNWs and AuNPs/AuSiNWs substrate were 633 nm and 635 nm, respectively. Noted that the SPR valley for AuNPs/AuSiNWs substrate was deeper than that of the AuSiNWs substrate, implying stronger electrical field was confined on the surface of the Au film. Fig. 5 summarized the electrical field intensity distributions of AuSiNWs and AuNPs/AuSiNWs at different wavelengths. The values were normalized by the electrical field intensity of source. Fig. 5(a)-(c) and Fig. 5(d)-(f) depicted the electrical field intensity distributions of AuSiNWs and AuNPs/AuSiNWs substrates, respectively. When the incident light wavelength was 510 nm, most of the energy was confined inside the SiNWs, as shown in Fig. 5(a) and Fig. 5(d) , respectively. When the incident light wavelength changed to 550 nm, more energy was confined on the surface of Au film due to the reduction of the field energy inside the SiNWs. Obvious enhancement effect on AuNPs/AuSiNWs (see Fig. 5(e) ) can be observed compared to that on AuSiNWs (Fig. 5(b) ). When the incident light wavelength was set at the excitation wavelength in the experiments for SERS detection (633 nm), the electrical field intensity distributions changed greatly after modification with the AuNPs. The gap between the AuNP and AuSiNW turned into "hot gap." Electrical field in the "hot gap" increased intensively for AuNPs/AuSiNWs, as shown in Fig. 5(f) . On the contrary, relatively weak electrical field intensity enhancement was observed on AuSiNWs, as shown in Fig. 5(c) . Since the signal enhancement in SERS was mainly attributed to the electromagnetic enhancement mechanism [21] , the intensive electrical field in the "hot gap" led to dramatic enhancement of Raman signal intensity.
Conclusion
In conclusion, we reported a robust and economical method to achieve large, uniform and reproducible SERS enhancement by modifying AuNPs on the surface of the AuSiNWs arrays. Enhanced electric field was revealed in the gap between the AuNPs and the surface of AuSiNWs by both the experiments and 3D-FDTD stimulations. Based on this work, molecules captured in the gap can obtain strong Raman intensity enhancement, allowing the label-free monitoring of chemical reactions with low cost and low detection limits. In the subsequent work, we can move forward to explore other binding methods. For example, we could adjust the scale of different parts of the substrate and modify different biomolecules on the gold film and gold nanoparticles, respectively, such as antigen and antibody, single stranded DNA sequences matching each other. Then, the nanoparticles would combine with the surface of gold film by the specific binding of biomolecules.
